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Abstract

Tropical cyclone monthly rainfall amounts are estimated fiom passive microwave

satellite observations for an eleven year period. These satellite-derived rainfall amounts are

used to assess the impact of tropical cyclone rainfall in altering the geographical, seasonal,

and inter-annual distribution of the North Pacific Ocean total rainfall during June-

November when tropical cyclones are most important.

To estimate these tropical cyclone rainfall amounts, mean monthly rain rates are

derived from passive microwave satellite observations within 444 km radius of the center

of those North Pacific tropical cyclones that roached storm stage and greater. These rain

rate observations are converted to monthly rainfall amounts and then compared to those for

non-tropical cyclone systems.

The main results of this study indicate that: 1) tropical cyclones contribute 7% of

the rainfall to the entire domain of the North Pacific during the tropical cyclone season and

12%, 3%, and 4% when the study area is limited to, respectively, the western, central, and

eastern third of the ocean; 2) the maxima in tropical cyclone rainfall are poleward (5 ° to 10°

latitude depending on longitude) of the maxima in non-tropical cyclone rainfall; 3) tropical

cyclones contribute a maximum of 30% northeast of the Philippine Islands and 40% off

the lower Baja California coast; 4) in the western North Pacific, the tropical cyclone

rainfall lags the total rainfall by approximately two months and shows seasonal latitudinal

variation following the ITCZ; and 5) in general, tropical cyclone rainfall is enhanced

during the El Nifio years by warm SSTs in the eastern North Pacific and by the monsoon

trough in the western and central North Pacific.



1. Introduction

The main driving force of the time averaged planetary scale motions of the earth's

atmosphere is provided by quasi-stationary heat sources generated by the combination of

latent heat release (LHR) and radiative processes, in which LHR is the larger. Thereflnc,

the knowledge of the spatial and temporal wlriation of rainfall is fundamental in

understanding and modeling the anomalies of the general atmospheric circulation (Huffnlan

et. al 1997: Berg and Avery, 1994; Wang, 1994; Waliser and Gauther, 1993; Janowiak and

Arkin, 1991). An important source of latent heat over the tropical and subtropical oceans is

the tropical cyclone. It has been demonstrated that the average rain rate within 11 I km of

the center of western North Atlantic hurricanes (Rodgers et al., 1994) and western North

Pacific typhoons (Rodgers and Pierce, 1995) is approximately 7 mm h-1 as compared to an
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average rain rate of 5 mm h within 111 km of the center of western North Atlantic and

Pacific depressions or large convective systems. Also, the generation of LHR by tropical

cyclones can be greater than tropical convective systems due to their size and multi-scale

interaction. However, their frequency of occurrence is much less than rain producing

systems found, for example, in the inter-tropical convergence zone (ITCZ).

Therefore, questions remain concerning the impact of tropical cyclones on the

general circulation. For example, quantitative information about the role of these systems

in distributing rainfall is critical to understanding the impact that tropical cyclones have in

altering the synoptic and seasonal scale general circulation patterns of the North Pacific. To

be more specific, questions concerning the following subjects may be answered from this

tropical cyclone rainfall analysis: 1) how much additional rainfall do tropical cyclones

contribute during the tropical cyclone season to the tropical and subtropical regions of the

Nolah Pacific; 2) where and when does the greatest contribution of tropical cyclone rainfall

occur; 3) can large-scale atmospheric changes (e.g., El Nifio) alter the sea surface



temperatures(SSTs)andtheatmosphericcirculationsand, thereby, affect the frequency,

intensity, and/or location of tropical cyclones; and 4) do tropical cyclones alter the

geographical patterns of rainfall (diabatic heating) and, thereby, influence the general

circulation patterns (e.g., Hadley Cell)'?

In this study, monthly North Pacific tropical cyclone rainfall and the rainfidl

generated by all other North Pacific systems is determined using data from the Special

Sensor Microwave/Imager (SSM/I) instruments on board the Defense Meteorological

Satellite Program (DMSP) satellites. The SSM/I obserwltions are collected over the North

Pacific (0 °- 45 ° N by 100 ° E - 80 ° W) during the months of June - November when tropical

cyclones are most abundant for the years of 1987-1989 and 1991-1998 (there was little

available 1990 SSM/I data). These monthly rainfall observations for the North Pacific

tropical cyclones are then used to examine geographical, seasonal, and inter-annual

variations in North Pacific tropical cyclone rainfall.

2. Data Analysis

a. Special Sensor Microwave/lmager (SSM/1)

The DMSP satellites circle the globe 14.1 times per day along a near sun-

synchronous orbit at an altitude of 833 km and a 98.8 ° inclination. The SSM/I sensors on

board DMSP F-8, F-10, F-l 1, F-13, and F-14 satellites measure reflected and emitted dual

polarized microwave radiation at fi-equencies of 19.4, 37.0, and 85.5 GHz and vertically

polarized microwave radiation at 22.2 GHz. The SSM/Is scan conically at a 45 ° angle from

nadir and have an observational swath width of approximately 1400 km at the earth's

surface. The F-8 DMSP SSM/I was fully operational fiom the first week of July 1987 to

February 1990. The F-10 DMSP SSM/I was partially operational from December 1990 to



January1992andthenbecamefully operational.The F-11DMSPSSM/I hadbeenfully

operationalsinceJanuary1992. The F-13 and F-14 were, respectively,launchedMay

1995 and May 1996 and have been fully operationalever since. The ascending

(descending)F-8, F-10, F-I 1, F-13, and F-14 DMSP orbits, respectively,cross the

equatorneartheeasternNorthPacificat approximately00:20(I 1:50),04:05(16:30),01:34

(13:08), 23:35 (12:08), and 01:47 (14:29) UTC. Further informationconcerningthe

SSM/I sensormeasurementsand orbital mechanicsis documentedby Hollinger et al.

(1991).

b. SSM/I brightness temperature/rah7 rate algorithm

Rain rates are obtained from the SSM/I-derived brightness temperatures by utilizing

an algorithm developed by Adler et al. (1994). The algorithm is called the Version 2

Goddard Scattering Algorithm (GSCAT-2). The algorithm uses a combination of the 37.0,

22.2, and 19.4 GHz channels to define potential raining regions and the 85.5 GHz channel

to derive rain rates greater than 1 mm h- 1 within the raining areas. Both the rain criterion

and the rain rate and brightness temperature relationship are based on a cloud model

calculation (Adler et al, 1991 ). The algorithm is chosen for its computational simplicity and

because it utilizes the SSM/I channel (i.e., 85.5 GHz) with the best spatial resolution (i.e.,

15 by 15 km) to measure rain rates. Areal mean rain rates derived from SSM/I for the inner

core (i.e., within 111 km of the center) of the 1987-89 western North Atlantic tropical

cyclones using the GSCAT-2 algorithm are found (see Table 2 in Rodgers et al. 1994) to

compare favorably with most of the early estimates that are obtained from rain gages, water

vapor budget studies, and earlier satellite-based microwave observations.



c. Samplbzg technique

To assemble the tropical cyclone rainfall data, SSM/l-derived tropical cyclone rain

rates m'e used to estimate mean monthly tropical cyclone rainfall amounts. Only the rain

rates that are observed within 444 km of the center of the circulation of North Pacific

tropical cyclones by SSM/I are used. This tropical cyclone rain rate sampling area is

chosen to encompass the majority of the rainfall that is associated with the mean domain of

the tropical cyclone lower-tropospheric circulation, containing the eye wall and rain bands.

The approximate number of SSM/I pixels sampled in the region are 2000. The centers of

the tropical cyclones for the time of the SSM/I passes are extrapolated from the best track

data. Information concerning the intensity and position of the North Pacific tropical

cyclones can be found at the National Climate Data Center.

The analysis area for this study covers both land and ocean regions of the North

Pacific that is divided into three regions. These regions are the western (i.e., 50-35 ° N and

100°-160 ° E), the central (i.e., 50-35 ° N and 160 ° E- 140 ° W), and the eastern (i.e., 5°-35 ° N

and 140°-80 ° W)North Pacific. The three North Pacific domains are arbitrarily chosen in

order to partition the ocean basin into equal geographical areas and to eliminate regions of

the North Pacific where tropical cyclones are rarely observed (i.e., latitudes less than 5° N)
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or adversely influenced by strong vertical wind shear that is greater than 10 m s and/or

SSTs less than 26 ° C (i.e., latitudes greater than 35 ° N).

In the majority of the cases, the SSM/I observations that are within the circular area

of 444 km are able to capture most of the tropical cyclone rainfall when the systems pass

within view of SSM/I. Within the 444 km domain, the SSM/I sensors me able to monitor

the rain rates at least once for 706 western, 194 central, and 390 eastern North Pacific

tropical cyclones that reached storm stage (Vmax > 17 m s -1) and greater. From these



observations,theSSM/I tropicalcyclonerain ratesamplesinclude254 depressions,243

storms,and209typhoonsin thewesternNorthPacific,91depressions,72storms,and 31

typhoons/hurricanesin thecentralNorth Pacific, and 135depressions,153storms,and

102 hurricanesin the easternNorth Pacific. The sampledoes not include tropical

depressionsthat neverreachedstormstage. Also, for tropicalcyclonesthat occurover

land,the SSM/l-derivedrain ratesareonly sampledfor dissipatingtropicalcyclonesthat

arefollowedby thebesttrackreports. Therefore, for these reasons the study will slightly

underestimate the total tropical cyclone rainfall.

To estimate the monthly tropical cyclone rainfall, the SSM/I-derived rain rates that

are sampled within 444 km of the center of each tropical cyclone are accumulated and

averaged for a 2.5 ° latitudinal/longitudinal grid and then multiplied by the number of hours

for that given month using equation 1:

_-_RR°"/""" X Hours,,,,,,,,/,

RA,y,:,,,, = _ PixelsssM :,
(1)

where:

RAcyclone Rainfall amount per month (ram month -1 ) contributed by

tropical cyclones within a 2.5 ° latitudinal/longitudinal grid.

RRcyclone SSM/I observed rain rate (ran1 h 4 ) contributed by

-) otropical cyclones during a given month within a ...5

latitudinal/longitudinal grid.

PixelsSsMI 1 = Total number of SSM/I pixels.



Hoursmonth = Number of hours in a given month.

These values will be referred to as "tropical cyclone rainfall" in the remaining portion

of this text.

The total rainfall flom 'all systems is then calculated by considering all SSM/I

observations and will be referred to as "total rainfall" in the remaining portion of this

text. Finally, the non-tropical cyclone rainfall is calculated fiom the difference between the

monthly mean total rainfall and that estimated from tropical cyclones and will be referred to

as "non-tropical cyclone rainfall" in the remaining portion of this text.

d. Sampling characteristics

Using SSM/I frequencies to estimate the mean monthly rainfall during the eleven

year period can introduce two significant errors within each grid box. The first type of

error is related to the conversion of the SSM/I measurements into rainfall estimates

("retrieval errors") and the second type of error is .elated to the lack of continuous

SSM/Is coverage ("sampling errors"). Bell et al. (1996) argued that the SSM/I

sampling errors usually dominate the random retrieval errors when the retrieval errors are

uncorrelated from one retrieval to another. There can still be remaining systematic retrieval

errors, but since this study deals primarily with the relative contribution of tropical cyclone

rainfall, the systematic errors (bias) are not important in reaching the conclusions in this

study.

Assuming that there is no data loss from the SSM/I, the number of SSM/I

observations during the month over a 2.5 ° latitude/longitude area (e.g., the sampling area



usedfor thisstudy)for thegivenDMSPorbital parametersareapproximately32 (36) at Y_

(55°) N latitude(Bell et al., 1996). Also, if it wereassumedthattherainfall statisticsarc

similar to thatfoundduring the Global AtlanticTropicalExperiment(GATE) (Laughlin,

1981),thepercentageerror causedby SSM/I rainfall observationalfrequencywithin the

givenareaof 2.5° latitude/longitudeisapproximately22%tit both5° and35° latitude(Bell el

al., 1996).Thepercentageerror isconsideredtobe theroot-mean-squareerror dividedby

themeanerror. Thepercentageerrorwould begreaterin regionswherethefiequencyof

rain eventsis less than that observedin the GATE region (e.g., easternand central

subtropicalNorthPacific)andlessin regionswherethefrequencyof raineventsaregreater

thanthatfound in theGATE region(e.g., in the ITCZ andtropicalcycloneswhererain

eventsshoweda highauto-correlation).The percentageerrorwould alsoincreasefor grid

boxesof lower meanrainfall. Further,sincea singleSSM/Ionly samplesanareaof the

NorthPacifictwiceaday,thesensorcancauseanothersamplingproblemby inm_ducinga

diurnalbiasto therainfall datadependingon thestrengthof thediurnalvariation.

Finally,therecanbeanadditionalsamplingproblemcausedby thenon-unilk_rmily

of theSSM/I observationsby havingmorethanoneSSM/I to estimaterainfall (e.g., dual

observationsfrom F-10andF-1I during 1992).By utilizing the GATE data and assuming

that both SSM/Is view the grid boxes equally, it was demonstrated by Bell et al. (1996) that

the dual SSM/I observations will increase the sampling error if the mean rainfall in a grid

box is small and the diurnal variation of rainfall is large compared to the variability of the

SSM/I rainfall estimates. The relative sampling error is the sampling error divided by the

mean rainfall percentage.

In this study, no attempt is made to alleviate these sampling problems by,

augmenting the SSM/I rainfall data with additional rainfall data sets developed from

geosynchronous satellite observations (Adler et al., 1994) and rain gage network



information[Huffmanet. al., 1995and 1997). However, to makethe frequencyoi the

SSM/Iobservationsmornhomogeneousflom yearto yearandfrom monthto month, the

following adjustmentsto theSSM/1-derivedmeanrainfall datasetsaremade. First, the

accumulated monthly rainfall amounts for the inter-annual rainfall analyses are generated

fl'om a single SSM/I satellite from 1992-1998 when multiple SSM/I were flown. For the

other rainfall analyses, all available SSM/I data are used. Second, since DMSP F-8 SSM/[

was not operational until after June 1987 and during the tropical cyclone season of 1990,

the mean inter-annual rainfall data set was limited to the months of July-November.

Further, the mean seasonal rainfall analyses for the months of June - November only

contain the years of 1988-1989 and 199 I-1998 (e.g. total of l0 years).

e. Diagnostic products

To assess the synoptic scale differences between the North Pacific tropospheric

circulation and SSTs of the strong E1 Nifio and La Nifia years of 1987 and 1988,

respectively, mean monthly lower-tropospheric and SST observations am examined only

for the month of September, the height of the tropical cyclone season. The mean monthly

tropospheric diagnostics tue constructed from the re-analysis quantities generated by

NASA's Goddard Space Flight Center Data Assimilation Office (DAO) atmospheric general

circulation model (Schubert et al., 1993), which is most recently referred to as the Goddard

Earth Observing System-I (GEOS-I) System. The mean monthly selected quantities are

produced during the post-processing steps of the assimilation cycle of the atmospheric

general circulation model. The standard horizontal resolution of the model is 2.0 ° latitude

by 2.5 ° longitude with a vertical resolution of 20 standard sigma levels. Global monthly

mean SSTs for a given year are provided by the National Meteorological Center and

averaged for a 2.5" latitude/longitude horizontal grid (Reynolds and Smith, 1994).



3. Results

a. Geographical distribution of tropical cychme and non-tropical cyclone rail![all.

The upper, middle, and lower panels of Fig. 1 show, respectively, the geographical

distribution of the mean monthly non-tropical cyclone rainfall, the tropical cyclone rainfall,

and the percentage of rainfall contributed by tropical cyclones (i.e., the ratio of the tropical

cyclone rainfall to the total rainfall) over the North Pacific area for this 65 month period.

The upper panel of Fig. 1 indicates that the regions with the greatest non-tropical cyclone

rainfall (i.e., greater than 300 mm month- 1) are associated with the ascending branch of the

Hadley circulation that helps to maintain the ITCZ and the western North Pacific monsoon

trough. Regions of moderate non-tropical cyclone rainfall (i.e., greater than 200 mm

month -1, but less than 300 mm month -1) appear to be associated with a region of weak to

moderate ascending motion that extends from the western North Pacific monsoon trough

northeastward into the westerlies. Finally, regions of light non-tropical cyclone rainfall

(i.e., less than 200 mm month -l ) appear to be associated with the descending branch of the

Hadley circulation over vast subtropical regions (i.e., 15° - 35 ° N) of the central and eastern

North Pacific, eastern China, and western North America. The non-tropical cyclone mean

monthly rainfall during the 65 month period tu'e found to be, respectively, 246, 154, 188,

and 187 mm month-I for the western, central, and eastern North Pacific and for the entire

North Pacific domain.

The middle panel of Fig. l suggests that the maximum tropical cyclone mean

monthly rainfall is concentrated in the tropical and subtropical regions of the western and

eastern North Pacific and the South China Sea. Little, if any rainfall is contributed by

tropical cyclones near the equator, along the international date line, and north of 35° N.

The mean monthly rainfall contributed by tropical cyclones during the period are found to
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be,respectively,34,4, 8, and 14mmmonth for thewestern,central,andeasternNorth

Pacific,andfor theentireNorthPacificdomain.

Themiddleandlower panelsof Fig. 1 indicatethat the tropical cyclone rainfall is

located slightly poleward of where the non-cyclone rainfall is concentrated. This is

especially obvious in the percentage field (bottom panel). Within the region northeast of

the Philippine Islands where the rainfall contributed by tropical cyclones is approximately

30% is an area where western edge of the North Pacific Tropical Upper Tropospheric

Trough (TUTT) can be tkmnd and where tropical cyclones usually intensity rapidly

(Holiday and Thompson, 1979). Within the central North Pacific, the greatest percentage

of tropical cyclone rainfall is above 10% and is located in a d U region between 10° - 20 ° N

latitude and 180 °- 160 ° W longitude. In the eastern North Pacific, the greatest percentage of

tropical cyclone rainfall is above 40% and is located in a region west of the Baja California

coast (25 ° N and between 110 ° - 140 ° W), north of the ITCZ. This feature reflects the

intensification of tropical cyclones on the northern edge of the ITCZ and their movement

toward the northwest, away from the ITCZ. The mean percentage of rainfall contribute by

tropical cyclones during the period for the western, central, and eastern North Pacific is

respectively, 12%, 3%, and 4%. For the entire domain, the value is 7%.

Fig. 1 also suggests that tropical cyclones contribute significantly to the rainfall

over land areas in Southeast Asia, providing a significant portion of rainfall important for

food production in many areas. A 30% contribution due to tropical cyclones is evident m

the northern islands of the Philippines, with lower, but significant, values in the rest of

those islands. Central Vietnam also has significant tropical cyclone rainfall (over 20%),

with China, Taiwan and southern Japan having smaller percentages. However, it should

be reemphasized that tropical cyclone rainfall amounts over the land and coastal regions

may be underestimated in this study for the reasons given in section 2. Also, shallow



orographicrainfall (e.g., in Taiwan, Philippine Islands, and Japan) that is confined

primarily below thefreezing levelmay be missedor underestimatedby the microwave

technique,which is dependentonscatteringdueto iceto producethenecessaryliquid.

Zonally-averaged profiles of rainfall for both tropical cyclones and non-tropical

cyclonic systems are shown in Fig. 2 for the throe ocean regions. In the western North

Pacific, the maximum tropical cyclone rainfall is found at 16° N, about 10° north of thc

non-tropical cyclone rainfall maximum. Similar distributions are also evident in the central

and eastern regions, but with a smaller (5 °) displacement. Figs. 2a,b also indicate that at

the latitude of peak tropical cyclone rainfall in the western North Pacific (16 ° N), tropical

cyclones contribute 25% to the total rainfall. In the central and eastern North Pacific these

percentages are 8% and 12%, respectively, with maxima located at 13-14 ° N.

This analysis suggests that the eastern and central North Pacific maximum tropical

cyclone rainfall values are lower than in the western North Pacific and the maximum is

located further equatorward than that observed in the western North Pacific. This

phenomena may be due to the fact that western North Pacific tropical cyclones are more

numerous and intense and have a greater tendency to recurve into higher latitudes than

those found in the central and eastern North Pacific.

Seasonal w_riation qf'tropical _yclone rain.fidl

The seasonal variation of North Pacific tropical cyclone rainfall for the months of

June-November is seen in Fig. 3. The figure shows that the maximum just east of the

Philippine Islands is present in all the months with some latitudinal movement. The eastern

North Pacific maximum is most prewtlent in June-September. Southern Japan shows a

significant variation during the season with a maximum in August and September. In the



centralNorth Pacifictheeasternandwesternrainfall featuresseemto extendand meetin

themonthsof AugustandSeptember.

Figure4 showsahistogramthatdelineatestheseasonalvariationof thenon-tropical

cyclone(blackbars)and tropicalcyclone(dashedbars) mean monthly rainfall amounts.

The mean monthly rainfall and the percentage of rainfall contributed by tropical cyclones

(pmventage above the bar graph in the figure) suggest that tropical cyclones produce the

most rainfall during the late summer and early fall months of September-October in the

western North Pacific, lagging the maximum total rainfall in August. In the central and

eastern North Pacific the lag is less obvious. Thus, tropical cyclone rainfall production

appear to lag the months of maximum insulation more in the western North Pacific than in

the central and eastern North Pacific. This lag is perhaps more related to the maximum

warming of the SSTs and the maturity of the monsoon trough during early fall thai have

been proposed to be necessary conditions for the initiation of tropical cyclogenesis and

tropical cyclone intensification.

Figure 5a, which shows the zonally averaged mean bi-monthly tropical cyclone

rainfall in the western North Pacific during the six month period, shows an increase in

maximum tropical cyclone rainfall above 15°N from June-July to August-September and

then an equatorial shift of maximum rainfall to 1I°N for October-November. In the central

North Pacific (Fig. 5b) there is small equatorial shift and a sharp drop in magnitude to

October-November. On the other hand, the eastern North Pacific (Fig. 5c) distribution

indicates little latitudinal shift, but a sharp drop in magnitude to October-November. This

lack of zonal shift in the eastern North Pacific may be due to the more zonal motion of thesc

tropical cyclones and the strong meridional decrease in SSTs within the eastern North

Pacific tropical latitudes.



c Rainfall and tropical cyclone hltensio,

The geographic distribution of tropical cyclone rainfall contributed by depression,

storm, and hurricane/typhoons is seen in Fig. 6. The figure shows that the greatest rain

amounts observed during this eleven-year period in the western regions of the North

Pacific are contributed by tropical cyclones of typhoon stage. This result is not surprising.

However, the figure also shows that the greatest rain amounts observed during this period

in the central and eastern regions of the North Pacific are not contributed by tropical

cyclones of hurricane stage, but are, respectively, contributed by tropical cyclones of

depression and storm stage. This result may be due to the fact that tropical cyclones of

depression or storm stage were more frequent in these regions during this period than

hurricanes. These statistics for the three sub-domains are shown in Fig. 7a. From this

figure, typhoons in the western North Pacific are the dominant contributor, but that does

not hold for the other areas.

Figure 7 shows that there are several obvious reasons why western North Pacific

tropical cyclones produce more precipitation than their counterparts in the other regions.

First, there are more tropical cyclones and, therefore, a greater number of tropical cyclone

observations (number above the bar graph in Fig. 7a) in the western North Pacific than

those found in the central and eastern North Pacific. Second, as demonstrated by Fig. 7b,

the averaged rain rates within four 11 I km wide annular rings surrounding the center of the

western North Pacific tropical cyclones of typhoon intensity are greater than those of

similar intensities in the central and eastern North Pacific.

The zonally averaged tropical cyclone rainfall as a function of intensity (Fig. 8)

suggests that as the tropical cyclones become progressively more intense, there is a

poleward shift (approximately 2.5 ° N in the western North Pacific; less in the other



regions)in the locationof thepeakrainfall. This polewardshift appearsto indicatehow

importantthemoreintensetropicalcyclonesare in generatingrainfall at higher latitudes.

The reductionof the polewardshift in the centraland easternNorth Pacific is again

probablyrelatedto themorezonalmotionof thecentralandeasternNorth Pacifictropical

cyclonesandthenarrowswathof warmSSTs.

d. Inter-annual variation _#tropical cyclone rainfall

1) RAINFALL OBSERVATIONS

Based on the various ENSO indices, it has been suggested by some authors (Chan,

1985, Li, 1988, Wu and Lau, 1992) that El Nifio years feature a reduction in the annual

number of tropical cyclones in the western North Pacific region, while La Nifia years faw_r

an increase in the number of western North Pacific tropical cyclones. Ramage and Hori

( 1981 ) and Lander (1993), on the other hand, found no relationship between ENSO indices

and the number of tropical cyclones in the western North Pacific. Lander (1993) also

tk-mnd no significant relationship between the strength of western North Pacific tropical

cyclones and the ENSO indices. However, he did find a significant relationship between

the SST variations and the number of tropical cyclones and their genesis location. He

suggested that there is an easterly shifi of the genesis region towards the central North

Pacific during the El Nifio years in response to the increasing SSTs of the central and

eastern North Pacific and the eastward extension of the monsoon trough.

On the other hand, the total North Pacific rainfall estimates during the warm (1987)

and the cool (1988) ENSO years flom satellite-observed cloud top temperatures (Janowiak

and Arkin, 1991), the Global Precipitation Climatology Project (GCPC) combined

precipitation data sets (Huffman, et. a., 1997), and the NASA Goddard Institute for Space



StudiesGCM (DruyanandHastenrath,1993)indicatethatthereare largedifferencesin the

NorthPacifictotaltropicalrainfall. It isconcludedfrom thesestudiesthattherearegreater

amountsof totalNorth Pacificrainfallalongthetropical latitudes,but lessrainfall activity

northof 10° N latitudeduringtheEl Nifio yearof 1987ascomparedto theLa Nifia yearo1

1988. Further,thereis a largeeastwardshift of the total North Pacific tropical rainfall

during theEl Nifio yearthatcorrespondscloselyto the eastwardshift of the warm SST

anomalies.

Thetropicalcyclonerainfallanomaliesfor eachindividualyearareseenin Fig. 9.

The rainfall anomaliesm'econstructedby subtractingthe July-Novemberclimatological

tropicalcyclonerainfall fi'omthetropicalcyclonerainfall amountsfor eachof the eleven

years. The figure shows large inter-annualvariations in the North Pacific rainfall

contributedby tropicalcyclones. Figure 10showsthecompositehistogramstk)r tropical

cycloneandnon-tropicalcyclonerainfallfor eachyearandfor eachbasin.Also seenin the

figureis thepercentageof rainfallcontributedby tropicalcyclones.The timehistoryof the

Nifio 3.4 SST anomaliesin Fig. 11 shows that duringJuly-Novembermonthsof this

1987-1998periodtherewerethreeEl Nifio/La Nifia eventsthatclearlyshoweda positive

SSTanomalyfollowedbyadistinctnegativeSSTanomalyin the 3.4 Nifio region(5° N -

5° S and 120° - 170° W) (Barnstonand Ropelewski1992). These two-yearcouplets

(1987/1988,1994/1995and 1997/1998)areindicatedin Fig. 10with anE representingEl

Nifio andL representingLaNifia.

Thethreetwo-yearpairsclearlyshow anENSO signalin thepatterns(Fig. 9) and

thestatistics(Fig. 10) in the tropicalcyclonerainfall. The threeEL Nifio years (1987,

1996, 1997)show a very distinct increasein the westernNorth Pacific and a smaller

increasein theeasternnorthPacificof tropicalcyclonerainfall (Fig. 9). This relation is

alsoobviousfor theseyearsin Fig. 10,wherein thewesternNorth Pacific, thepercentage



of tropicalcyclonicrain is 18%,14%,and12%duringthethreeEl Nifio yearsanddropsto

8%,8%and6%duringtheLa Ninayears.

However,thepatternof activity (Fig. 9) andthestatistics(Fig. 10)of thetropical

cyclonerainfall during 1991and 1992would seemto indicatethatthesetwo yearsmight

haveasimilarrelationto theENSOSSTindex. This is notthecase. The increasingSSTs

anomaliesthatpeakedduring1991werenot followedby negative SST anomalies in 1992,

but were followed by a longer period of generally above average SSTs in the Nifio 3.4

region, although not as warm as 1991. During this period, the precipitation patterns, both

non-tropical cyclone and tropical cyclone rainfall do not correlate with the SST anomalies.

The underlying reasons for these inter-annual differences are not clear.

These relations between tropical cyclone rainfall and SST anomalies in the 3.4 Nifio

region for July-November months of each of the eleven years are examined 1oi the

western, central, and eastern North Pacific. A lineal regression line (heavy line) and

correlation coefficients are constructed and shown in Fig. 12. It should be mentioned tha!

the horizontal scale in each panel of the figure is different. The graphs clearly show a

positive correlation between these parameters in the western (.52), central (.16), and

eastern (.57) North Pacific. On the other hand, the correlation coefficients between the

ENSO SST index and non-tropical cyclone mean monthly rainfall for the eleven year period

(figure not shown) in the western, central, and eastern North Pacific are, respectively (-

.51), (.36), and (.37). The thin lines in Fig. 12 connect the El Nifio/La Nina pairs of years

mentioned earlier. In the eastern and western North Pacific regions these couplet years

show tropical cyclone rainfall/SST variations with similar slopes, but with an apparent

rainfall offset among the pairs. In the central North Pacific there is a much nosier signal.

The reason for these offsets is unclear.



ThedifferencebetweentheEl Nifio/LaNifia patternfor thenon-tropicalcycloneand

tropicalcyclonerainfall acrosstheNorth Pacificis shownin Fig. 13. The figure results

fi'omtakingthedifferencein rainfall patternsbetweentheEl Nifio yearsandthe La Nina

yearsof thethreecoupletyears. Thetop panelof Fig. 13revealsthat during theEl Nifio

yearsthereis asubstantialincreasein non-tropicalcyclonerainfallwithin theITCZ across

the easternand centralNorth Pacificand extendingwestwardto 150° E. and a smaller

increasenorthof theITCZ in thewesternNorth Pacific. On theotherhand,thereis less

non-tropicalcyclonerainfall during the El Nifio yearswest of the CentralAmericaand

southernMexicocoast,theSouthChinaSea,andeastof Japan.

Thebottompanelof Fig. 13clearlyshowsthatthetropicalcyclonerainfall is greater

in westernandeasternNorthPacificduring theE1Nifio yearsascomparedto the La Nifia

years.It isalsoevidentthatduring theEl Nifio yearsascomparedto theLa Nifiayearsthe

maxinmmin tropicalcyclonerainfallextendseastwardtowardsthe date line in the central

NorthPacificandis shiftedpolewardoverthePhilippineIslandsof thewesternNorthPacific.

This eastwardextensionin tropicalcyclonerainfall distribution has beensuggestedby

Lander (1993) to be causedby the combinationof warmer SSTs and the eastward

extensionof themonsoontrough. This maybe thereasonwhy Guamexperiencesmore

intensetropicalcycloneduring theEl Nifio years, since tropical cyclonesdevelopand

intensifymoreeastwardof the islandthanduringtheaverageandtheLa Nifiayears.

The zonally averagednon-tropicalcycloneand tropical cyclone mean monthly

rainfall isshownin Fig. 14 for thethreeNorth PacificOceanbasins. ThewesternNorth

Pacificzonally averagedmeannon-tropicalcyclonerainfall (Fig. 14b)indicatesthat the

rainfall is slightly lessat all latitudesduring the EL Nifio yearsthanduring the La Nifia

years.Ontheotherhand,thecentralandeasternNorthPacificmaximumzonallyaveraged

meannon-tropicalcyclonerainfall (Fig. 14d andt3 megreaterin theITCZ regionof the



tropics(equatorialof 10° N) andale locatedmoreequatorwardfor theEl Nifio yearsthan

during La Nifia years.Thesefindings ale consistentwith the global rainfall studiesby

JanowiakandArkin, 1991,DruyanandHastenrath,1993andHuffman, et. al. (1997), in

thatthetotal rainfallassociatedwith theITCZis found moreequatorwardduring thewarm

ENSOeventthanobservedduring thecool ENSOevent, in the subtropicaland middle

latitudesof the majority of the North Pacific, the meanmonthly non -tropicalcyclone

rainfall for theEl Nifio yearsis nearlysimilarto thatof theLaNifia years.

ThewesternNorthPacificzonallyaveragemeantropicalcyclonerainfall in Fig. 14a

is gleaterat "alllatitudesduring the El Nifio yearsthanduring the La Nifia years with

maximumvalueslocatedin thetropicallatitudes (10° - 20°) that areapproxmlatelythree

timesgreater. It is alsonotedfiom the figure that the maximumzonallyaveragedmean

tropicalcyclonerainfall is locateda little mole equatorwardduring the El Nifio yearsas

comparedto theLa Nifia years. Theseresultsare not consistentwith the earlierENSO

findingsby Chan(1985), Li 1988),Wu andLau (1992), Ramageand Hori (1981), and

Landers(1993).

However, Figs. 14cande show, respectively,that the zonally averagedmean

monthlycentralandeasternNorth Pacifictropicalcyclonerainfall for theEl Nifio yearsis

greaterbetween10° - 15° N and between10° - 20° N than that for the La Nifia years.

Unlike the equatorialshift that was observedwith the maximumnon-tropicalcyclone

rainfallduring thewarm ENSOyears in this study and from the maximumtotal rainfall

observedin earlierstudiesby Janowiakand Arkin, 1991,Druyanand Hastenrath,1993

and Huffman, et. al. (1997), thereis little equatorialshift observedwith the maximum

zonallyaveragemeanmonthlytropicalcyclonerainfallin theseregions.



The tropicalcyclonefiequencyand intensitydatafor the threeEl Nifio/La Nifia

years(seeTable1),revealthattherearealsoadifferencein thenumberandintensityof the

NorthPacifictropicalcyclonesbetweenthewarmandcoolENSOyears. For example,the

numberof tropicalcyclonesat all stagesof intensityis greaterin all North PacificOcean

basinsduringtheE1Nifio yearsascomparedto thesameperiodduring theLa Nifia years.

In addition,Table 1suggeststhatthetropicalcyclonesaremoreintensein all oceanbasins

of theNorthPacificduringtheEl Nifio yearsascomparedto thesameperiodduring theLa

Nifia years. ThesewesternNorth Pacific tropical cyclonestatisticsfor this study arc

contraryto thefindingsof Chan(1985),Li 1988), Wu and Lau (1992), Ramage and Hori

(1981), and Lander (1993), but are consistent with Lander (1993) results for the central

and eastern North Pacific.

Table 1. The total number of tropical cyclones and tropical cyclones of

-1
depression, storm, and moderate (Vmax 32-64 ms ) and strong (Vmax >

65 ms "l) typhoon/hurricane intensity observed from all available SSM/Is in

the western, central, and eastern North Pacific during July-November of

the El Nifio and La Nifia years.

North Pacific El Nifio/La Nifia Years

Western Central Eastern

Dep ression 59/64 32/17 41/3 2

Storm 67/58 34/12 46/36

Moderate Typ/Hur 47/31 13/5 24/21

Strong Typ/Hur 17/6 3/0 5/1

All Trop Cyclones 190/159 82/34 116/90



2) RAINFALL VARIATION CAUSED BY ATMOSHPHERIC AND SST

FORCING

The synoptic scale environmental conditions that have been proposed to favor

tropical cyclogenesis and intensification (e.g., tropical cyclone growth) are an atmosphere

-I
with minimum 850-200 mb vertical shear of less than 10 ms (Reuter and Yau, 1986),

strong large scale low-level (i.e., 850 mb) convergence of cyclonic vorticity (Riehl, 1954;

Ooyama, 1964; Lee, 1986; Charner and Eliassen, 1964; Gray, 1979: Molinari and Scubis,

1985), and an ocean with a deep thermocline whose SSTs am above 26°C (Gray, 1979).

Theoretical (Tuleya and Kurihara, 1982) and observational (Zehr, 1992) studies have

shown that western North Pacific tropical cyclogenesis rarely occurs when SSTs are below

26 ° C. Further, theoretical and observational studies by Emanuel (1986), Menill (1988),

Evans (1992), and DeMmia and Kaplan (1993) have demonstrated that the maxinmm

intensity of a tropical cyclone is limited by SST to 29° C. At SSTs above 29° C, further

intensification has not been observed. This limitation may be due to, perhaps, the

decreased buoyancy in the eye wall region (Gray, 1995) or to the increased rain and spray

and, therefore, reduced surface energy flux (Holland, 1995) as the tropical cyclone

intensifies.

To assess why the El Nifio years have more numerous, intense, and, therefl)re,

wetter North Pacific tropical cyclones as compared to the La Nifia years, the mean

September (i.e., peak month for the occurrence of North Pacific tropical cyclones)

tropospheric diagnostic parameters and SSTs are compared with the tropical cyclone

rainfall for one of the couplet years (i.e., 87 El Nifio/88 La Nifio years). Fig. 15 displays

the tropical cyclone rainfall difference for the two years. Fig. 16 shows the 850 mb

streamlines and the regions (shaded areas) of preferred North Pacific environmental

-1
pa,ameters (minimum 850-200 nab vertical shear of less than 10 ms , convergence of



lower-troposphericcyclonicvorticity, and SSTsat 26° C or above)that favor tropical

cyclonegrowthfor September1987and 1988.Theseenvironmentalparametersthatfavor

tropicalcyclonegrowth will be referredin the remainingpart of thepaperas "tropical

cyclone growth parameters "'.

By comparing the mean 850 mb streamline analysis with the tropical cyclone

growth parameters of the two years (Fig. 16), it appears that the 850 mb mean circulation

and the environmental conditions that favor tropical cyclone growth are different. For

example, in the tropical regions of the western and central North Pacific (i.e., equatorward

of 20 ° N) the mean 850 mb circulation pattern during September, 1987 delineates a

westerly flow. Poleward of this region, an elongated cyclonic circulation that is associated

with the monsoon trough extends eastward from the Philippine Islands to the international

dateline. The main areas of tropical cyclone growth parameters are associated with the

monsoon trough, although the mean western and central North Pacific 850-200 mb vertical

wind shear (figure not shown) is stronger during September, 1987 as compared to the

September, 1988. However, during September, 1988 the western and central North

Pacific mean 850 mb monsoon trough and the westerlies that are observed equatorward of

the trough during September, 1987 are replaced by a single cyclonic vortex center near the

Philippine Islands and an east to southeasterly flow east of the vortex. The SST difference

field (Fig. 17)indicates that the increase in tropical cyclone rainfall in 1987 in the western

North Pacific occurred despite a cooling.

Even though the western and parts of the central North Pacific region (i.e.,

equatorward of 20 ° N and 100 ° - 160 ° E) experiences slightly cooler SSTs (but still warmer

then the critical value of 26 ° C) and stronger vertical wind shear during the E1 Nifio year of

1987 as compared to the La Nifia year of 1988, the areal extent of the tropical cyclone

growth parameters increases in both of these regions. It appears that the presence of the



monsoontroughwith its strongerlower-tropospherichorizontalconvergenceof cyclonic

vorticityarethemainforcingmechanismstofavor thedevelopmentof thewetter(Figs. 14

and15)andmorefrequentandintense(Table 1)westernandwesterncentralNorth Pacific

tropicalcyclonesduringtheEl Nifio yearof 1987andnot necessarilythechangein SSTs.

However,if significantwarmingof theSSTs(i.e.,> 1.0° C) doesoccurin the areaswhere

the other tropical cyclone growth paralneters exist, the enhanced ocean energy flux may

further augment the growth of the tropical cyclone. These results are consistent with some

of the earlier observations by Landers 1993).

Over the eastern North Pacific (i.e., equatorward of 20 ° N and 140 ° - 80 ° W), Fig.

16 indicates that, like the western North Pacific, there is a slight difference between the

location and areal extent of the mean September tropical cyclone growth parameters and the

850 mb circulation patterns during the 1987 El Nifio year as compared to that of the 1988

La Nifia year. For example, the easterly flow observed off the coast of Baja California and

Mexico during the 1987 E1 Nifio year is replaced by double cyclonic vortices and a single

anticyclonic vortex during 1988 La Nifia year. The 850 mb circulation during the 1988 La

Nifia year appears to reduce the areal extent of the tropical cyclone growth parameters as

compared to that observed during the 1987 El Nifio year. However, unlike the western

North Pacific, Fig. 17 indicates that the SSTs during the 1987 E1 Nifio year are

significantly warmer in the tropical and eastern regions of the eastern North Pacific as

compared to that during the 1988 La Nifia year.

The differences between the 1987 and 1988 eastern North Pacific tropical cyclone

growth parameters and the tropical cyclone rainfall are more related to warmer SSTs than

the change in the 850 mb circulation surrounding the tropical cyclones. This SST

difference also suggests that the significantly warmer SSTs help augment tropical cyclone

growth when the low vertical wind shear and the convergence of low-tropospheric cyclonic



vorticity arecollocated with the warm SST anomalies. For example, these warmer SSTs

during the 1997 El Nifio did not necessarily form Hurricane Linda (12 September, 1997)

but it, most likely, helped intensify hurricane Linda to super hurricane status with the

-1
maximum wind speed near 225 miles h

Unlike the tropical cyclone rainfall, the nor>tropical cyclone rainfall is more

profoundly influenced by SST variations. For example, the cooler SSTs within the

lnajority of the western North Pacific had an adverse affect on the non-tropical cyclone

rainfall by reducing the ocean energy flux, while in the ITCZ regions of the central and

eastern North Pacific the large increase of SSTs had an enhancing affect by increasing the

ocean energy flux during the El Nifio years.

4. Conclusions and Summary

Rainfall estimates made from satellite passive microwave (SSM/I) observations me

used to estimate the North Pacific monthly rainfall amounts contributed by tropical cyclones

that became depression intensity and greater. These rainfall estimates from 1987-1998

were used to assess the impact of tropical cyclone rainfall on the geographical, seasonal,

and the inter-annual distribution of total rainfall.

The main results of this study suggest the following.

1 ) Tropical cyclones contribute 7% of the rainfall to the entire domain of the

North Pacific during the tropical cyclone season and 12%, 3%, and 4% when the study

area is limited to, respectively, the western, central, and eastern third of the ocean. The

greatest contribution of tropical cyclone rainfall to the total rainfall are found east of the

Philippine Islands (30%) and west of the Mexican coast (40%). Thus, it appears that



tropicalcyclonerainfall cangreatlyaugmenttheseasonalrainfallduringthegrowingseason

in someregionsof theNorth Pacificandbea significantsourceof water for agricultural

andotherpurposes.

2) Themaximumzonallyaveragedtropicalcyclonerainfall in all threebasins

of the North Pacific is locatedpolewardof the maximumzonallyaveragednon-tropical

cyclonerainfall. Becauseof theenhancedenergyflux providedby warmerSSTsandthe

maturityof the monsoontrough during the late summerand fall months, the greatest

mnountof NorthPacifictropicalcyclonerainfallusuallyoccurduringthis time.

3) The greatestamountof rainfall in thesubtropicalregionsof the western

NorthPacificismainly providedby typhoons,while thegreatestamountof rainfall in the

subtropicalregionsof thecentralandeasternNorthPacificismainly provided,respectively

by depressionsandstorms.Thegreatestamountof rainfall in themid-latitudinalregionsof

the North Pacific is provided by typhoons of the western North Pacific. The probable

reasons for this is that the western North Pacific tropical cyclones have the greatest

tendency to recurve to higher latitudes due to the mean eastward positioning of the North

Pacific mid-tropospheric subtropical anticyclone. Also, the typhoons are usually wetter

and are able to preserve their rainfall structure for a longer time as compared to weaker

systems.

4) The couplet El Nifio/La Nifia years of 1987/1988, 1994/1995, and

1997/1998 show distinct differences between the E1 Nifio and La Nifia in both the tropical

cyclone rainfall and the non-tropical cyclone rainfall variations. In the eastern North Pacific

both the tropical cyclone and non-tropical cyclone rainfall increase during the El Nifio and

decrease during the La Nifia years. In the western North Pacific during the E1 Nifio the

non-tropical cyclone rainfall, decreases, especially over the far western areas. The tropical



cyclonerainfall,ontheotherhand,increasesduringtheEl Nifio in the subtropicalregions,

especiallyeastof thePhilippineIslands,which shifts northwardandeastwardtowardsthe

dateline.

5) Thechangesof thepatternsof the non-tropicalcyclonerainfall acrossthe

North Pacificaremainlyrelatedto theSSTvariation. However, the increaseof tropical

cyclonerainfall during the El Nifio yearsin the westernNorth Pacific and partsof the

centralNorth Pacificappearsto be relatedto thepresenceandeastwardextensionof the

lower-troposphericmonsoontroughandnot SSTschanges,whichareusuallynegativein

this region. Theincreaseof tropicalcyclonerainfall in theeasternNorth Pacific, like the

increaseof non-tropicalcyclonerainfall, is relatedto thewarmerSSTsduring the El Nifio

years.

6) Finally, in response to the increase in non-tropical cyclone rainfall in the

eastern North Pacific ITCZ region and, to a lesser extent, the increase in the western and

eastern North Pacific tropical cyclone rainfall during the EL Nifio years, it appears that

large atmospheric circulation variations that are associated with these warm ENSO events

have a significant role in altering the positioning of the large scale motions of the earth's

atmosphere (i.e., Hadley, Walker circulation). These results are consistent with earlier

ENSO studies.
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FIGURECAPTIONS

Fig. 1 A plan view showing the SSM/I-derivedmeanmonthly lainfall amounts
-1

(ram month ) contributedby non-tropicalcyclonesystems(upper panel) and tropical

cyclones(middlepanel),andthefi'actionalamount(percentage)of rainfall contributedby

theNorthPacifictropicalcyclones(lowerpanel)for themonthsof July-November1987,

June-November1988-1989,and 1991-1998 (65 month period). Brown and blue

backgrounddesignate,respectively,non-rainingland and oceans. The color bar code

delineatesthepercentageandrainfallamountsaboveeachfigure.

Fig. 2 TheSSM/I-derived2.5° latitudinalnon-tropicalcycloneandtropicalcyclone
-1

zonallyaveragedmeanmonthly rainfall amounts(mm month ) for, respectively,the (a

andb) western,(c andd) central,and (e and f) easternNorth Pacific for the 65 month

period.

Fig. 3 A plan view showing the SSM/I-derivedmeanmonthly tropical cyclone
-1

rainfall amounts(mm month ) contributedby tropicalcyclonesfor 1988,1989,and 1991-

1998for themonthsof June-November.Thewhitebackgrounddesignatenon-rainingland

andoceansareas.Thegraybarcodedelineatestherainfall amounts.

Fig. 4 A histogramshowing the SSM/I-derivedaveragedmeanlnonthly rainfall
-1

amounts(rammonth ) contributedby non-tropicalcyclonessystems(dark shade)and

tropicalcyclones(hatchedshade)for 1988, 1989,and 1991-1998duringJune-November

for the(a) western,(b) central,and(c) easternNorth Pacific. Percentageabovethe bar

graphrepresentsthe percentageof rainfall contributedby tropicalcyclonesduring the

month.



Fig. 5 The SSM/I-derived2.5° latitudezonally averagedmeanmonthly rainfall

amounts(rammonth-1) contributedby tropicalcyclonesfor 1988, 1989, and 1991-1998

duringtheearlysummer(June-July),latesmnmer(August-September),andfall (October-

November)seasonsfor the(a)western,(b) central,and(c) easternNorthPacific.

Fig. 6 A plan view showingthe SSM/I-derivedmeanmonthly tropical cyclonc
-1

rainfallamounts(rammonth ) contributedby tropicalcyclonesat depression,storm,and

typhoon/hurricanestageduring June-Novemberof 1988, 1989, and 1991-1998. The

white backgrounddesignatenon-rainingland and oceansareas. The gray bar code

delineatestherainfall amounts.

Fig 7 (a)A histogramshowingtheSSM/I-derivedmeanmonthlyrainfifll amounts
-1

(mm month ), percentageof contribution,and numberof observationsfor the western

(dark shade),central (light shade),and eastern(light hatched)North Pacific tropical

cyclonesat depression,storm,andtyphoon/hurricanestageduringthe65monthperiodand

(b) theSSM/I-derivedmeanrain ratestk_rwestern (dark shade), central (light shade), and

eastern (light hatched) North Pacific typhoons/hurricanes within four 111 km wide annular

areas surrounding the tropical cyclone center during the 65 month period.

Fig. 8 The SSM/l-derived 2.5 ° latitudinal zonally averaged mean monthly rainfall

amounts (mm month -l) contributed by the (a) western, (b) central, and (c) eastern North

Pacific tropical cyclones of depression, storm, and typhoon/hurricane stage during the 65

months period.

Fig. 9 A plan view showing the SSM/I-derived mean monthly tropical cyclone

-1
rainfall anomalies (mm month ) for the years of 1987-1989 and 1991-1998 during July-



Novemberperiod. White backgrounddesignatenon-raininglandandoceansareas. The

lighl anddarkshadesdelineates,respectively,thepositiveandnegativerainfall anomalies.

Fig. 10 A histogramshowingtheSSM/I-derivednon-tropicalcyclone(darkshade)
-1

andtropicalcyclone(hatchedshade)meanmonthlyrainfall amounts(rammonth ) for the

(a)western,(b) central,and(c) easternNorthPacificduring theJuly-Novemberperiodfor

theyearsof 1987-1989and 1991-1998.Percentagevaluesindicatethefractionalamount

of rainfall contributedby tropicalcyclones."Es" and"Ls" represent,El Nifio and LaNifia

yearsasdefinedby theNifio 3.4SSTanomalies.

Fig. 11 Timehistoryof theSSTanomalies(°C) in theNifio 3.4 regionfrom 1980-

1999.Light (dark)shadesrepresentpositive(negative)SSTanomalies.

Fig. 12 A scatterplotof thetropicaleasternNorthPacificSSTanomaliesin the 3.4
-1

Nifio regionandthemeanmonthlyrainfall amounts(rammonth ) contributedby tropical

cyclonesduringJuly-Novemberperiodfor theyearsof 1987-1989,and 1991- 1998for the

(a) western,(b) central, and (c) easternNorth Pacific. The best-fit line (broad), the

equationof the line,andthelinearcorrelationcoefficientareshownfor eachNorth Pacific

oceanbasin. Alsoshownarelines(thin) connectingthethreeEL Nifio/La Nifia couplets

(i.e., 1987/1988,1994/1995.and 1997/1998).

Fig.13
-1

(mm month

A planview of thedifferencebetweenthe meanmonthly rainfall amounts

) contributedby theNorth Pacificnon-tropicalcyclonesystems(top panel)

andtropicalcyclones(bottompanel)duringEl Nifio years(1987, 1994,and 1997)minus

the La Nifia years (1988, 1995, and 1998).

respectively,non-raininglandandoceansareas.

differences.

Brown and blue backgrounddesignate,

Thecolor barcodedelineatestherainfall



Fig. 14 TheSSM/I-derived2.5° latitudinalzonallyaveragedmeanmonthly rainfall
-1

amounts(mm month ) for thetropicalcyclonesand non-tropicalcyclones,respectively,

for the(aandb) western,(c andd) central,and(eandf) easternNorthPacificduring theEl

Nifio (solid lines)andgaNifia years(dashedlines).

Fig. 15 A plan view of thedifferencebetweenthe meanmonthly rainfall amounts
-1

(rammonth ) contributedby theNorthPacifictropicalcyclonesduringJuly-Novemberof

the 1987E1Nifio year minus the 1988La Nifia year. Brown and blue background

designate, respectively, non-raining land and oceans. The color bar code delineates the

rainfall differences.

Fig. 16 A plan view of the mean monthly 850 nab streamline field and the regions

that contain the tropospheric dynamics and SSTs parameters (gray region) that are needed

lk)r tropical cyclone growth in the North Pacific during September, 1987 El Nifio (top

panel) and September, 1988 La Nifia years (bottom panel).

Fig. 17 Plan view of the mean September, 1987 SST (o C) minus the mean

September, 1988 SST (o C). The gray and white background deliniate, respectively, the

positive and negative SST differences.
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